Coronary artery bifurcation lesions are complex and several classifications are presented to describe them. Recently, the Medina classification has been proposed. This classification uses binary values for characterization of stenosis. Flow conditions according to Medina classification have not been described. In this paper, bifurcation lesions corresponding to anatomical Medina lesion classification are compared on the basis of flow and Wall Shear Stress (WSS). Computational models of healthy and stenosed coronary artery bifurcations ((1, 1, 1), (0, 1, 1) and (1, 0, 1)) with moderate and severe stenoses of 50% and 75% diameter were analyzed. The results showed that, flow conditions vary in bifurcation lesion types according to the clinically-oriented Medina classification. The flow in SB of bifurcation was dependent of the Medina lesion type and was more affected in lesion type (1, 0, 1). The magnitudes of WSS on the inner and outer walls of SB of bifurcation lesion (1, 0, 1) in post-stenotic region and along the arterial wall were smaller than bifurcations lesions (0, 1, 1) and (1, 1, 1) respectively. Our results suggest that SB of bifurcation lesion (1, 0, 1) is more prone to atherosclerosis progression compared to types
Introduction
From clinical practice, it is known that coronary artery bifurcations are regions where the flow is strongly perturbed, and is prone to the development of atherosclerotic lesions. As a definition, bifurcation lesion is a coronary artery narrowing that may involve the proximal main vessel, the distal main vessel, and the side branch [1] . Bifurcation lesions have always represented a major challenge for percutaneous treatment [2] [3] [4] [5] . Part of this challenge is related to the variety of coronary lesions located at a bifurcation which present wide range of anatomical morphologies. Currently, there are seven coronary bifurcation lesion classification schemes in the literature [6] [7] [8] [9] [10] [11] [12] [13] . These classifications are based on the presence or absence of significant angiographic stenosis within the three vessels of the bifurcation. All the published classifications are very similar in describing a given bifurcation lesion. Different lesion types are named using numbers or letters. Most of the classifications are difficult to remember [6] [7] [8] [9] [10] [11] . The first attempt to overcome some of the limitations of previous classifications and simplify these classifications was successfully made by Medina et al. [12] . The classification by Medina is simple and does not need to be memorized even though it provides all the information contained in the other classifications. In this classification, the bifurcation is divided into three segments: the main branch proximal (MBP), the main branch distal (MBD), and the side branch (SB). Any narrowing with critical stenosis of 50% and above in any segment receives the binary value 1; otherwise, a binary value 0 is assigned starting from left to right. The three suffixes are separated by commas. In that context, the Medina classification is essentially an anatomical classification.
Pathologic examination of coronary arteries reveals that atherosclerosis lesions are likely to prevail at places where the vessel is curved, bifurcates, has a junction, a side branch, or (1, 1, 1) type of Medina [29] and geometrical model (0, 1, 1) type of Medina [29] and geometrical model
(1, 0, 1) type of Medina [29] and geometrical model other sudden change in flow geometry, and when the flow is unsteady [13] [14] [15] [16] . Hemodynamic factors play a major role in the initiation and progression of atherosclerosis [17] [18] [19] . Studies show that arterial regions exposed to low and nonuniform shear stress are more prone to atherosclerotic lesions development [20] [21] [22] [23] .
To date, there has been no report studying flow conditions in bifurcation lesions associated with the Medina lesion classification. Using computational fluid dynamics (CFD) analysis, we studied (1) flow conditions in MBP, MBD, and SB, and (2) Wall Shear Stress (WSS) distributions in bifurcations lesions (1, 1, 1), (0, 1, 1), and (1, 0, 1).
Material and Methods
Hemodynamic analyses were carried out to study the flow conditions and quantify the WSS in coronary artery bifurcation which is of the most important sites of atherosclerotic plaque accumulation [24] [25] [26] . The simulation was conducted using COMSOL 3.5 which is dedicated for multiphysics and engineering applications. This software uses the finite-element method to solve the equations that govern blood flow in the computational domain. The computational domain was meshed and the combination of both momentum and continuity equations for transient, Newtonian model of the blood flow is analyzed.
A geometrical model of coronary artery bifurcation was considered to simulate the bifurcation between left main coronary artery (LMCA) and left anterior descending artery (LAD) [26] . Figure 1 shows the geometrical model of twodimensional angiographic projections of the bifurcation (main branch proximal (MBP), main branch distal (MBD), and side branch (SB)) as well as the bifurcation lesions associated with the Medina lesion classification [3] . In our model, the dimensions of MBP, MBD, and SB are 4 mm, 3.4 mm, and SB 2.7 mm which are selected based on coronary arteriography data [27] . To have a fully developed flow at the inlet and downstream the stenoses, we considered a branch length 15D MBP as a total branch length. The branch lengths for MBD and SB are calculated from the centre of the bifurcation to their end, equal to 12D MBD and 11 DSB , respectively. A lesion length (L) of 6 mm is located at the carina in the considered bifurcation lesions. The angle between the centerline LMCA and LAD as well as the angle between the centerline MBD and SB (75
• ) corresponds to physiological anatomical range [28] .
A similar two-dimensional model was recently presented for one stenotic bifurcation case [30] .
In the stenosed bifurcation, the word "true" bifurcation lesion is used when stenosis in the proximal and/or distal segment of the main vessel and the side branch is involved [31] . Therefore, according to Medina lesion classification, the bifurcation lesion types (1, 1, 1), (0, 1, 1), and (1, 0, 1) are true bifurcation lesions. The Medina classification seems intuitive in the sense that the most obstructed disease bifurcation is labeled as (1, 1, 1) . A secondary goal of this study is to assess, on the WSS basis, if the bifurcation type (1, 1, 1) do correspond to the most severe condition. For the study of blood flow, we assumed that blood can be represented by an incompressible fluid which is governed by the conservation of mass and the conservation of momentum leading to the Navier-Stokes and the continuity equations:
where, ρ denotes the density of the fluid (kg m −3 ), u the velocity vector (m s −1 ), p the pressure (Pa), and μ the dynamic viscosity of fluid (Pa.s).
Wall shear stress was determined as the product of viscosity (μ) and the shear rate (γ). The shear rate, in two dimensions is defined according to:
where u and v are the velocity components [32] . To solve the governing equations, a set of boundary conditions is required. In the present study, we assumed that the vascular bed maintains a constant flow in both healthy and stenosed artery.
The flows were considered unsteady, laminar, and fully developed throughout the study section; hence, the velocity distribution in the inlet was set to be parabolic as expressed by (3):
where R is the radial position and R a the inner radius of the artery. Time-dependant velocity was taken from the literature for the left coronary artery during the cardiac cycle [33] . The waveform has a period T = 0.7 s, where 0 < t (sec) < 0.2 is systolic and 0.2 < t (sec) < 0.7 is diastolic phase. The maximum velocity magnitude at resting condition varies between 0.15 m/s and 0.25 m/s for a coronary artery of 4 mm in diameter. The arterial flow at peak diastole in MBP is 102.2 mL/min [34, 35] . For the outlet of the vessels, a traction-free boundary condition was imposed [36] . The Newtonian blood properties in this model are blood viscosity μ = 0.0035 Pa.s, and blood density ρ = 1060 Kg/m 3 , respectively [37] .
Results and Discussions
Pulsatile hemodynamic analyses were carried out in healthy and stenotic bifurcations to study the influences of the constriction location on flow conditions and WSS distributions.
Flow Simulation Corresponding to Healthy Coronary
Artery Bifurcation. A model of the healthy coronary artery bifurcation was developed and the corresponding velocity field and WSS distributions were investigated. The computed velocity field at peak diastole is presented in Figure 2 .
Velocity profiles in the normal coronary artery bifurcation are skewed toward the carina, resulting in higher velocity along the inner walls and lower velocity along the outer walls.
For a Newtonian flow, WSS is the magnitude of the tangential shear forces acting on the wall by the fluid and is determined by the wall shear rate (gradient of velocity at the wall) multiplied by the viscosity of the fluid (τ = μγ). It is observed that, the gradient of velocity creates significant changes in the WSS on the inner and outer walls of MBD and SB. Distribution of WSS in the healthy artery at peak diastole is shown in Figure 3 .
The distribution of WSS in Figure 3 (a) shows the regions of high shear stress at the carina which is drastically greater than the WSS throughout the majority of the vessel walls.
The endothelial cells (lining the arterial walls) are exposed to shear stress variations due to periodic nature of blood flow. The physiological magnitude of the WSS ranges from 1 to 7 Pa in normal arteries [38] . Wall shear stress outside this range can potentially generate mechanisms that lead to vascular pathology. Lower values of WSS may contribute to the atherosclerotic process and therefore are considered "athero-prone," while WSS higher than this range may activate platelets and consequently "high-shear" induced thrombosis [38] . Prior in vitro and in vivo researches locate the atherosclerosis mostly within regions of disturbed blood flow, where WSS is below <0.5 Pa [39] . The WSS values along the inner and outer walls depicted in Figure 3 indicate that a small portion of the luminal surface is exposed to such low WSS at peak diastole in the non-diseased bifurcation model. The larger value of the WSS at peak diastole occurs on the SB inner wall downstream the carina. The results indicate that on the SB, low WSS values occur on the outer wall. The low WSS distribution on the outer walls is in accordance with the localization of atherosclerotic lesions in these areas. Indeed, there is strong evidence that low WSS values are possibly correlated to the lesion localization [39] [40] [41] . (1, 1, 1), (0, 1,  1) , and (1, 0, 1) . Having discussed the flow condition and WSS distribution in healthy bifurcation, we next proceed to inspect the flow condition and WSS distribution in three lesion types of the Medina lesion classification (Figure 1) . In clinical medicine, the severity of stenoses is commonly defined as the percentage of occlusion using diameter measurements: % stenosis = (d 1 − d 2 )/d 1 * 100%, where d 1 is the artery diameter and d 2 is the constricted diameter. As the disease advances, the percentage of stenosis also increases. The geometry of stenoses used in this simulation is the same geometry as Ahmed and Giddens used in their experimental work [42] . Symmetric moderate (50%) and severe (75%) stenoses with Gaussian symmetric surface morphology are imposed at the MBP, MBD, and SB, respectively.
Flow Simulation of Bifurcation Lesions
The computational model and mechanical properties are built based on the coronary artery bifurcation detailed in section one. The obstructions in MBP, MBD, and SB are far from the outlet so that the flow can return to a nearly fully developed state and the outlet boundary condition does not influence activities occurring upstream.
For the flow modelling, mesh sensitivity analysis was carried out for bifurcation lesions (1, 1, 1), (0, 1, 1) , and (1, 0, 1) for three different mesh densities and velocity fields, and WSS values were compared for different number of elements. Unsteady simulations were performed using a coarse, medium, and fine mesh of the geometry to estimate the mesh sensitivity for the arterial bifurcation geometry throughout the cardiac cycle. In bifurcation lesion (1, 1, 1) with 50% stenosis, we used a coarse mesh (8665 elements); a medium mesh (13,097 elements); a fine mesh (19,625 elements). Results were analyzed in term of the velocity profile and WSS along the MBD and SB. The velocity profiles and WSS for the coarse mesh density showed maximum 8% difference with the medium mesh. The results showed that the velocity field and WSS values have maximum 1% difference in the medium and fine mesh densities. Considering the negligible difference between medium and fine mesh densities and also the computing time, the medium mesh with mesh density of 13,097 elements was employed. For illustration, for bifurcation type (1, 1, 1), we present the velocity fields in peak systole and peak diastole in SB for three mesh densities in Figure 4 . Transient simulations were performed for stenosed coronary artery bifurcations and the corresponding velocity fields and shear stress distributions were investigated. In Figure 5 , the three representative snapshots of the magnitude of the velocity field for 50% and 75% stenoses are shown at peak diastole (t = 0.27 s) for bifurcation lesion types (1, 1, 1), (0, 1, 1) and (1, 0, 1) of Medina lesion classification.
The simulation results presented in Figure 5 shows a dramatically different velocity profile of the blood flow in the downstream of stenotic bifurcations and demonstrated the influence of the bifurcation lesion types on the blood flow pattern, such as flow separation and recirculation zones. The maximum velocity in bifurcation lesions with 50% and 75% stenoses are about 0.42 m/s and 0.84 m/s, respectively which are related to the stenosed bifurcations with constriction in their MBP. Downstream the lesions, the flow decelerates and reverses near the walls due to the viscous effects. The bifurcation lesion types with greater stenoses (75%), Figure 5 also show that bifurcations with constriction in both MBD and SB (1, 0, 1) has the lowest magnitude of blood streaming into the SB. We calculated the ratio of the magnitude of the SB flow to the total MBP flow at peak diastole for all bifurcation lesions. The flow values were determined from converged simulation results and velocity profiles at 2.4 cm (8D MBD ) and 1.62 cm (6D SB ) distal to the lesions in MBD and SB. As a consequence of presence or absence of lesions in MBD and MBP, various hemodynamic conditions occur in SB with the same percentage of stenosis ( Figure 5 ). The ratio of maximal blood flow achievable in a stenotic SB to the maximal blood flow in MBP in various bifurcation lesion types for intermediate and severe stenoses are summarize in Table 1 .
As it is described in Table 1 , in bifurcation lesion (1, 0, 1), the maximal diastolic SB flow in intermediate and severe stenoses is 31% and 16% of the total MBP flow. The results support that, the lower blood flow in the SB creates a crucial condition for this branch in bifurcation lesion (1, 0, 1) compared to bifurcation lesions (1, 1, 1), and (0, 1, 1) respectively.
Wall Shear Stress (WSS) of the Bifurcation Lesion Types.
WSS is one of the most important factors in developing atherosclerosis, and arterial branches are found more prone in formation of arterial plaques [20] [21] [22] [23] . Although atherosclerosis is a disease affecting the vascular system as a whole, it has uneven distribution in SB and MBD with considerable differences for different bifurcation lesion types. Therefore, the WSS distribution is studied along the inner and outer walls of SB and MBD for true bifurcations (1, 1, 1 ), (0, 1, 1), and (1, 0, 1) associated with the Medina lesion classification.
At peak diastolic point of a cardiac cycle, the WSS fields for true bifurcation lesions with 50% stenoses are presented in Figure 6 .
The distribution pattern shows that, at the MBP and upstream the flow divider, WSS is uniform. The peak values of the WSS are at the center of stenosis and at the carina of bifurcation. The WSS value at the inner and outer walls peaks at the center of stenosis and reaches the minimum in the post-stenosis region and then recovers gradually in the downstream stenosis along the arterial wall until it levels off. As mentioned, low WSS regions which are linked with atherosclerosis progression occur within the recirculation zone downstream the stenoses on the inner and outer walls. Wall shear stress distribution on the inner and outer walls of SB downstream the stenosis is studied for bifurcation types (1, 1, 1), (0, 1, 1), and (1, 0, 1) . The variation of WSS downstream the lesions on the outer and inner walls of SB at peak diastole are presented in Figure 7 .
Comparing WSS values along the inner and outer walls between normal (Figure 3 ) and atherosclerotic bifurcations (Figure 7 ) revealed that the arteriosclerotic walls contain more regions exposed to low WSS values. In arteriosclerotic bifurcations, the magnitude of WSS on inner and outer walls of bifurcation type (1, 0, 1) both in post stenotic region and along the arterial wall is smaller than the corresponding magnitudes in bifurcation types (1, 1, 1) and (0, 1, 1) .
Low WSS regions which are associated with atherosclerosis progression occur within the recirculation zone downstream the stenoses. In bifurcation lesions with stenosis in their SB, low WSS regions were observed in the poststenosis regions is the SB. We now examine the time-dependant behavior of the WSS in the poststenosis region on the outer wall of SB. For this purpose, three consecutive points (A, B, and C) are considered downstream the stenosis on the outer wall. Point A is located 0.1 mm downstream the stenosis. The A-B and B-C distances are 1.5 mm. The temporal variation of WSS downstream the lesions, at three consecutive points on the outer wall of SB for true bifurcation are presented in Figure 8 .
The change of WSS throughout the cardiac cycle is highly correlated to flow velocities. The WSS characterizes the forces that longitudinally act on the vessel wall. At peak systole and peak diastole, when the blood flow parallel to the wall is fast, these forces are higher. At each individual point on the SB wall, the maximum value of WSS in all bifurcation types is related to the peak systolic and peak diastolic of a cardiac cycle. The maximum value of WSS for bifurcation lesion To assess how WSS pattern changes in MBD along the entire wall in all time steps of a cardiac cycle, the mean WSS values along the inner and outer walls downstream the lesions are computed for 68 nodes in bifurcation lesion types (1, 1, 1) and (0, 1, 1) and for 78 nodes in bifurcation lesion type (1, 0, 1). The mean WSS values are determined at each time step and mean WSS values along the inner and outer walls of MBD during a cardiac cycle are presented in Figure  9 .
The distribution pattern of WSS on the MBD reveals that, most parts of the luminal surface are exposed to WSS within the physiological range. Comparisons of the WSS distributions in bifurcation lesion types (1, 1, 1), (0, 1, 1),  and (1, 0, 1) shows that during the diastolic period, arterial regions downstream bifurcation lesion types (1, 1, 1), (0, 1, 1) exposes to lower magnitudes of WSS.
As another important hemodynamic parameter, WSS is studied in true bifurcation lesions. Predictions of WSS distribution downstream the stenosis is useful in the understanding of the effects of disturbed flow on endothelial cells and blood elements near the wall and can be used to support medical decision.
The results of the present study should be interpreted within the constraints of certain limitations. First, the geometries used in this work are a series of idealized two dimensional axisymmetric stenoses in idealized arterial bifurcation. In our problem, stenoses configurations and percentages are fixed while in reality they may vary and occur in different places along the vessel. Another geometric limitation of the present study is the fact that we do not take the composition of the compliance of the vessels; all the vessels are considered as rigid wall boundaries. The simulations do not take into consideration the non-Newtonian property of the blood. Indeed, while blood behaves generally like a Newtonian fluid at high shear rates, the non-Newtonian properties may affect the blood flow patterns and shear stress results at low shear rate regions. In addition, our geometric model is based on a representation of a straight blood vessel, while they may be curved in reality. The vessel curvature can have significant effect on the skewness of the velocity profile and the general behavior of the flow.
Conclusion
Most experimental and numerical studies of pulsatile flow through stenotic arteries have been performed assuming a simple vessel and there are no studies of hemodynamic changes associated with various bifurcation lesion types to date especially in the context of the Medina lesion classification. The present study is motivated by the need to understand the flow condition and WSS distributions in various bifurcation lesion types in a coronary artery bifurcation. We have investigated the flow ratio and time-dependence patterns of WSS resulting from the numerical simulation of pulsating hemodynamic flows in healthy and stenosed coronary artery bifurcations. Various stenoses configurations were considered according to Medina lesion classification and a detailed numerical result for time-dependent WSS distributions that may be involved in lesion initiation and progression is highlighted. The main results of this study are that different bifurcation type determines different flow ratio and WSS distributions in SB. In detail, the ratio of SB flow to MBP flow was less in both 50% and 75% for (1, 0, 1) bifurcation lesion type compared to (0, 1, 1) and (1, 1, 1) . Examinations of the WSS distribution in true bifurcation lesions showed that on the SB, in terms of athero-prone regions, the lesion type (1, 1, 1) is not likely the worst case because the results support that lesion type (1, 0, 1) resulted in lower values of WSS on both inner and outer walls especially in the deceleration phase of the cardiac cycle.
The results indicated that in the bifurcation lesion types, the flow condition and WSS distribution in SB are influenced by the lesion morphologies which cannot be fully assessed by quantitative coronary angiographic parameters.
